Genetic and functional data suggest that Pseudomonas aeruginosa exoenzyme S (ExoS), an ADP-ribosyltransferase, is translocated into eukaryotic cells by a bacterial type III secretory mechanism activated by contact between bacteria and host cells. Although purified ExoS is not toxic to eukaryotic cells, ExoS-producing bacteria cause reduced proliferation and viability, possibly mediated by bacterially translocated ExoS. To investigate the activity of translocated ExoS, we examined in vivo modification of Ras, a preferred in vitro substrate. The ExoS-producing strain P. aeruginosa 388 and an isogenic mutant strain, 388⌬exoS, which fails to produce ExoS, were cocultured with HT29 colon carcinoma cells. Ras was found to be ADP-ribosylated during coculture with 388 but not with 388⌬exoS, and Ras modification by 388 corresponded with reduction in HT29 cell DNA synthesis. Active translocation by bacteria was found to be required, since exogenous ExoS, alone or in the presence of 388⌬exoS, was unable to modify intracellular Ras. Other ExoS-producing strains caused modification of Ras, indicating that this is not a strain-specific event. ADP-ribosylation of Rap1, an additional Ras family substrate for ExoS in vitro, was not detectable in vivo under conditions sufficient for Ras modification, suggesting possible ExoS substrate preference among Ras-related proteins. These results confirm that intracellular Ras is modified by bacterially translocated ExoS and that the inhibition of target cell proliferation correlates with the efficiency of Ras modification.
Exoenzyme S (ExoS) is an ADP-ribosyltransferase produced and secreted by Pseudomonas aeruginosa (19) . The production of ExoS has been associated with bacterial virulence, and the enzyme has been shown to modify functionally important mammalian proteins in vitro. However, the in vivo catalytic activity of ExoS remains uncharacterized. The purpose of our studies has been to determine whether ExoS, translocated through the P. aeruginosa type III pathway, is active in mammalian cells and can significantly alter host cell function.
ExoS was originally purified from P. aeruginosa 388 culture supernatants as an aggregate consisting of immunologically related 49-and 53-kDa forms (33) . Recent analyses have revealed that although the primary structure of the two proteins is 76% identical, they are encoded by separate, coregulated genes defined as exoS, which encodes 49-kDa ExoS, and exoT, which encodes 53-kDa ExoT (alternatively referred to as Exo53) (38) . ExoT was found to have a substrate specificity similar to that of ExoS in vitro but to catalyze ADP-ribosylation at 0.2% of the rate of ExoS (28, 38) . The enzymatic activity of both proteins is dependent on a eukaryotic cofactor termed FAS (factor activating ExoS), which is a member of the highly conserved 14-3-3 protein family (12, 16, 28 ). 14-3-3 proteins have been found to modulate interactions between diverse components of cell signaling pathways (1) . The requirement for a eukaryotic cofactor suggests that both ExoS and ExoT function in the eukaryotic-cell environment, although the consequences of this targeting are currently unknown.
P. aeruginosa is an opportunistic pathogen which can cause lethal infections in persons with cystic fibrosis, burn patients, immunocompromised patients, or long-term hospitalized patients (4) . ExoS production by P. aeruginosa strains has been associated with increased tissue damage and bacterial dissemination in animal studies (23, (29) (30) (31) (32) (33) and with cell injury in tissue culture models (2, 34) . However, secreted ExoS, purified from P. aeruginosa 388 culture supernatants, is not toxic to animals or to cultured cells (9, 31) . Recent data indicate that the lack of effect of soluble ExoS reflects its dependence on the bacterial type III secretory pathway for translocation into target cells (15, 39) . In type III systems, the synthesis and translocation of bacterial effector proteins appear to be initiated by contact between bacterial and host cells. Translocated bacterial proteins have been found to induce a variety of responses in the target cell, creating favorable conditions for bacterial survival and proliferation (18) . In P. aeruginosa, three potential effector proteins have been identified as being coregulated by the type III secretory system. These include the ADP-ribosyltransferases ExoS and ExoT, as well as the cytotoxic protein ExoU, the precise activity of which has not yet been characterized. A limited survey of P. aeruginosa strains has suggested that two genetic groups exist, one possessing exoS and the other possessing exoU (encoding ExoU), with ExoU-producing strains being associated with acute cytotoxicity and epithelial injury (14) . Our previous report that the coculture of eukaryotic cells with ExoS-producing strains resulted in inhibition of eukaryotic-cell proliferation and viability suggests that bacterially translocated ExoS is also able to mediate cytotoxicity (34) . This has recently been confirmed by studies in which ExoS, expressed in Yersinia spp. and translocated by Yersinia type III mechanisms, was found to cause morphological alterations and reduced viability in HeLa cells (15) .
Partly due to the difficulty of introducing purified ExoS into target cells, no in vivo targets of ExoS have yet been identified. In vitro studies have found that ExoS modifies multiple substrates in mammalian-cell lysates, including the cytoskeletal protein vimentin, but that it preferentially targets Ras and other GTP-binding proteins in the Ras superfamily (13) . The three genetically distinct but structurally similar forms of Ras, H-, K-, and N-Ras, function as central molecular switches in cell signaling pathways. Mutant forms of Ras are associated with many human cancers, including approximately 50% of colon carcinomas (6) . Subsequent studies of ExoS substrate specificity in vitro revealed that ExoS exhibits selectivity within the Ras superfamily, with recombinant proteins from the Rap, Ral, and Rab subgroups being modified, while Rho proteins and ADP-ribosylation factor (ARF) did not act as substrates (11) .
We report here that Ras is ADP-ribosylated in intact HT29 colon carcinoma cells during coculture with ExoS-producing P. aeruginosa strains and that ExoS activity in these cells correlates with reduced DNA synthesis. We also note that there is no detectable modification of Rap1 proteins in HT29 cells, suggesting possible preferential targeting among Ras-related substrates in vivo.
Production of recombinant ExoS and modification of proteins in HT29 cell lysates in vitro. The gene encoding ExoS was cloned into the pET15b vector (Novagen, Madison, Wis.), and recombinant six-histidine N-terminal-tagged ExoS (r6HisExoS) was expressed and purified essentially as described elsewhere (22) , except that the binding buffer contained 25 mM imidazole and the protein  was eluted with 250 mM imidazole. HT29 cells were grown, and cellular proteins  were labeled with [ 35 S]methionine, as described above. Monolayers were then removed from the wells by treatment with trypsin-EDTA and centrifuged at 250 ϫ g for 5 min. Cell pellets were washed twice in 1 ml of PBS, resuspended in 100 l of PBS-0.1% Triton X-100, and lysed by two cycles of freeze-thawing. r6HisExoS (1 l) was added to give a final concentration of ϳ3 g/ml in a reaction volume of 150 l, and the ADP-ribosyltransferase reaction was allowed to proceed for 30 min at room temperature. PBS-TDS (850 l) was then added, and proteins were immunoprecipitated, resolved by SDS-PAGE, and detected as described above.
Immunoprecipitation and detection of [ 3 H]ADP-ribosylated Ras and Rap proteins. The intracellular pool of NAD in HT29 cells was radiolabeled with [ 3 H]adenosine, based on methods previously described (35) . Modifications, including serum starvation and treatment with actinomycin D, were introduced into the procedure to decrease the incorporation of radiolabel into RNA. In the adapted method, HT29 cells were plated as described, then serum starved in McCoy's 5A medium supplemented with 0.04% BSA (McCoy's-BSA4). After a 24-h starvation period, the cells were treated for 30 min with McCoy's-BSA4 containing 5 g of actinomycin D (Sigma)/ml. The monolayers were then washed three times with PBS and grown for a further 16 to 18 h in McCoy's-BSA4 containing 50 Ci of [2- 3 H]adenosine (21 Ci/mmol; Amersham)/ml. Bacteria were cocultured with HT29 cells as described above, after which monolayers were washed once with PBS, lysed, and processed in PBS-TDS. In some experiments, 1 mM NAD was added to PBS-TDS to preclude further addition of radiolabeled ADP-ribose to proteins during the immunoprecipitation period. Ras and Rap1 were immunoprecipitated and analyzed as described above, with dried gels exposed to X-ray film for 4 weeks.
Comparison of Ras modification in HT29 cells incubated with ExoS-producing bacteria or with secreted ExoS. HT29 cells were incubated for 3 h with 1 ml of McCoy's-BSA alone or McCoy's-BSA containing 10 8 CFU of the indicated bacterial strains. After 3 h of coculture, the medium was removed, HT29 cells were lysed, and Ras was immunoprecipitated. Medium from cells cultured with bacteria was harvested and centrifuged, and then the supernatant was passed through a 0.2-m-pore-size filter to remove bacteria. Aliquots were removed for ExoS activity assays, and then the ExoS-containing supernatant was applied to fresh HT29 cell monolayers for 3 h, either without bacteria or in the presence of 10 8 CFU of ⌬S bacteria. HT29 cells were lysed, and Ras was immunoprecipitated and detected by immunoblotting. ExoS activity in 10 l of harvested culture medium was assayed as previously described (34) . The incorporation of radiolabeled ADP-ribose into substrate was reported as picomoles of ADP-ribose transferred to substrate per milliliter of culture medium.
Correlation of reduced DNA synthesis with Ras modification in HT29 cells. (i) Quantification of DNA synthesis. [ 3 H]thymidine uptake assays were performed as described elsewhere (34) , except that additional steps were taken at the end of the coculture period to ensure the termination of bacterial effects. In these studies, bacteria were diluted and applied to monolayers in McCoy's-BSA. After removal of bacteria, monolayers were washed three times with 0. (ii) Measurement of modified Ras. Immunoblots developed by ECL, as described above, were photographed, and computerized images were analyzed with NIH Image version 1.60 software. The areas and intensities of modified and unmodified Ras bands were calculated, and modified Ras was expressed as a percentage of total Ras.
RESULTS

Modification of Ras by ExoS in vitro and in vivo.
Recent studies indicate that translocation of ExoS into eukaryotic cells is mediated by a bacterial contact-dependent type III secretion system (15, 39) . To confirm the contact-dependent translocation of ExoS, and to investigate whether ExoS is able to modify intracellular proteins, we examined the ADP-ribosylation of Ras in intact cells cultured with ExoS-producing P. aeruginosa bacteria. The in vitro ADP-ribosylation of Ras has previously been found to result in a large electrophoretic mobility shift when examined by SDS-PAGE (13) . This mobility shift provided a potential means of detecting Ras modification in vivo. To first confirm that ADP-ribosylation by ExoS caused a shift in the electrophoretic mobility of Ras isolated from HT29 cells, purified recombinant ExoS (r6HisExoS) was added to an aliquot of [ 35 S]methionine-labeled HT29 cell extract, and after a 30-min reaction Ras was immunoprecipitated. The apparent molecular mass of Ras immunoprecipitated from reaction mixtures containing r6HisExoS was approximately 2,500 Da greater than that of Ras from untreated aliquots of the same cell extract (Fig. 1A ). To determine if a similar shift in Ras mobility, indicative of ADP-ribosylation, could be detected in intact cells, [ 35 S]methionine-labeled HT29 cells were exposed to the ExoS-producing strain 388 or the ⌬S mutant strain. A 2,500-Da increase in the apparent molecular mass was detected in Ras isolated from cells exposed to the ExoS-producing strain, whereas the electrophoretic mobility of Ras from cells exposed to the non-ExoS-producing strain was identical to that seen in Ras from untreated control cells (Fig. 1B) . Unmodified Ras was consistently immunoprecipitated as two bands of slightly different mobilities. Analysis using monoclonal antibodies specific for different forms of Ras revealed that the upper band corresponded to K-Ras, while H-and N-Ras made up the lower band (data not shown). No radiolabeled bands were seen in the 19-to 30-kDa range when normal rat immunoglobulin was used as a control (data not shown).
Although it might be argued that coculture with bacteria could result in damage to the host cell membrane, enabling secreted ExoS to gain access to the host cell and modify Ras without active translocation by bacteria, this seemed unlikely because (i) dye exclusion assays, performed after 3 h of coculture with bacteria, revealed no loss of membrane integrity in cells exposed to 388 or ⌬S bacteria, compared to untreated controls, and (ii) leakage of [
35 S]methionine-labeled proteins into the medium of bacterially treated cells was not above levels in cultures not exposed to bacteria (data not shown). To preclude the possibility that residual secreted ExoS might be modifying Ras during the in vitro immunoprecipitation period, SDS was added to the lysis-immunoprecipitation buffer at concentrations sufficient to inhibit ExoS activity (0.2 to 0.5%) (25) . When these concentrations of SDS were present, no reduction in the amount of modified Ras was detected, indicating that Ras modification during the immunoprecipitation period did not contribute to the observed effects (data not shown).
Transfer of [ 3 H]ADP-ribose to Ras in HT29 cells by ExoSproducing bacterial strains.
To confirm that ADP-ribosylation of Ras in intact cells was responsible for the observed electrophoretic-mobility shift, [ 3 H]adenosine was used to label intracellular pools of NAD. The labeled cells were then exposed to bacterial strains, and Ras was immunoprecipitated from cell lysates. A radiolabeled band having the same electrophoretic mobility as modified Ras was detected in immunoprecipitates from cells exposed to the ExoS-producing strain but was absent in immunoprecipitates from cells exposed to the non-ExoSproducing mutant or to no bacteria (data not shown; results of a similar experiment are depicted in Fig. 6 ). During these studies we observed that residual levels of ExoS activity present in coculture cell lysates could catalyze the transfer of radiolabeled ADP-ribose to immunoglobulin during the immunoprecipitation reaction (data not shown). This is consistent with the report that ExoS can modify serum proteins, including immunoglobulin, in vitro (21) . To ensure that residual in vitro ExoS activity did not affect the interpretation of our results, 1 mM unlabelled NAD was added to the immunoprecipitation buffer to inhibit transfer of labeled moieties to substrates present in the immunoprecipitation mixture. This treatment eliminated labeling of immunoglobulin but did not alter the amount of modified Ras detected, confirming that Ras modification was occurring in vivo and not in vitro (data not shown).
Comparison of Ras modification by ExoS-producing bacteria and by secreted ExoS. In our previous studies (34) , ExoS secreted into the medium during coculture was found to have no inhibitory effect on cell proliferation. To determine whether this lack of effect correlated with the inability of secreted ExoS to modify Ras in intact cells, HT29 monolayers were exposed either to strain 388 or to ExoS-containing medium obtained following coculture with strain 388 for 3 h. As shown in Fig.  2A , mobility-shifted Ras was detected only in immunoprecipitates from cells exposed to ExoS-producing bacteria, and not in those exposed to ExoS-containing culture medium. ExoS activity in culture medium harvested from cells cultured with strain 388 was found to be 40 pmol/ml. To determine whether coculture with bacteria might indirectly cause cells to become permeable to secreted ExoS, ⌬S bacteria were cultured with HT29 monolayers in the presence of ExoS-containing medium. No mobility-shifted Ras was detected in immunoprecipitates from cells exposed to the ⌬S strain for 3 h, either alone or with secreted ExoS (Fig. 2B) . ExoS activity in culture medium harvested from cells cultured with strain 388 or ⌬S in this study was 147 or 2 pmol/ml, respectively.
Modification of Ras in vivo by other ExoS-producing P. aeruginosa strains. Other ExoS-producing P. aeruginosa strains, PAK and DG1, were examined for their abilities to modify Ras in coculture studies with HT29 cells. Strain PA103, which pro- duces ExoU and ExoT, but not ExoS, was included in these studies as an ExoS-negative control. As shown in Fig. 3A , the ExoS-producing strains DG1 and PAK caused a shift in Ras mobility similar to that observed for strain 388. Densitometric analysis indicated that DG1 was able to modify 74% of intracellular Ras, while PAK and 388 modified 58 and 50%, respectively. In contrast, no modified Ras was detected following coculture with the non-ExoS-producing strain PA103. The mutant strain ⌬T, which produces ExoS but not ExoT, was also examined in these studies to assess how loss of this gene affected Ras modification. The ⌬T strain was able to modify Ras as effectively as the wild-type strain 388 (57% modification by ⌬T versus 61% modification by strain 388), indicating that ExoT was not required for modification of Ras by ExoS in intact cells (Fig. 3B) .
Dependence of Ras modification in vivo on duration of coculture period and bacterial concentration. To determine optimal culture conditions for modification of Ras in HT29 cells by strain 388, the effects of both the coculture time and bacterial concentration on the efficiency of Ras modification were examined. As shown in Fig. 4A , modification of Ras was found to correlate directly with the length of exposure to ExoS-producing bacteria. Although slight further modification was detected when exposure to bacteria was allowed to proceed for 4 to 6 h, extended time of coculture with high concentrations of bacteria was also found to cause some loss of HT29 cell membrane integrity, as assessed by trypan blue exclusion (data not shown). Fig. 4B shows that modification of Ras was found to correlate with the number of bacteria in the inoculum. An initial bacterial concentration of 10 5 CFU/ml, corresponding to approximately 1 bacterium to 10 HT29 cells, was required for detection of minimal modification, with the degree of modification increasing proportionately as the initial ratio of bacteria to HT29 cells was increased by 10-fold increments to approximately 100:1 (10 8 CFU/ml). Correlation of reduced DNA synthesis with modification of Ras. We previously observed a significant reduction in eukaryotic-cell DNA synthesis resulting from long-term exposure to strain 388 compared to ⌬S (34) . In the present investigation, to help assess the mechanism by which ExoS exerts inhibitory effects on cell proliferation, we compared the efficiency of Ras modification to effects on cell proliferation. For these studies, increasing concentrations of strain 388 or ⌬S were applied to HT29 cells for 3 h under conditions identical to those described in the legend to Fig. 4B . Monolayers were then extensively washed, and inhibitory antibiotics were added to limit further modification of Ras by bacteria during the radiolabeled thymidine incorporation period. Figure 5 shows that the reduction in DNA synthesis associated with strain 388 becomes significantly greater than that seen with ⌬S at 10 5 CFU/ml, the minimum bacterial concentration required for Ras modification. Thereafter, the effects of ExoS production on cell proliferation closely parallel the percentage of Ras found to be modified with increasing concentrations of strain 388 bacteria. In contrast, the lesser effect of the ⌬S mutant strain on cell proliferation is apparent only when bacterial numbers exceed 10 6 CFU/ml and is maximal at 10 7 CFU/ml, without approaching the levels of inhibition caused by strain 388.
Examination of Rap1 modification in HT29 cells. To extend our knowledge of ExoS activity in vivo, we investigated modification of Rap1, another in vitro substrate of ExoS, following coculture with strain 388 bacteria. Among the Ras superfamily, Rap proteins are the most closely related to Ras structurally, and like Ras, they are found in most cell types. Rap proteins consist of two families, Rap1 and Rap2, with each family having both A and B subtypes (5) . The immunoprecipitating antibody used in these studies recognizes both Rap1A and Rap1B, which are 95% identical at the amino acid level. Taking advantage of the previous report that modified recombinant Rap1A, like Ras, exhibited a gel mobility shift when modified by ExoS in vitro (11), we first examined whether Rap proteins were modified in vivo by ExoS by analyzing the electrophoretic mobility of Rap1 immunoprecipitated from [
35 S] methionine-labeled HT29 cells exposed to ExoS-producing bacteria. As shown in Fig. 6A , proteins of approximately 20 and 24 kDa were immunoprecipitated from control cells, and no alterations in the mobilities of these proteins were detected following exposure to the ExoS-producing strain 388. When Rap1 from [ 35 S]methionine-labeled HT29 cell lysates was subsequently examined for altered mobility following in vitro modification with purified recombinant ExoS, no alteration in mobility could be detected. Additional in vitro analyses, however, confirmed that (i) ExoS was able to ADP-ribosylate recombinant Rap1A fused to glutathione S-transferase (GST), although no gel mobility shift accompanied modification, and (ii) the Rap1-Krev-1 antibody was able to bind normal and ADPribosylated GST-Rap1A in immunoblot reactions (data not shown). Since these studies suggest that a shift in mobility might not be an accurate means of detecting Rap1 modification in HT29 cells, we next examined Rap1 modification in vivo, using [ 3 H]adenosine to radiolabel intracellular NAD pools. In these studies, the relative modification of Rap1 and Ras by ExoS was directly compared by immunoprecipitating Rap1 or Ras from identically treated cells. Also, to confirm the efficiency of the immunoprecipitation reaction, studies were run in parallel immunoprecipitating Ras or Rap1 from [
35 S] methionine-labeled HT29 cells. As shown in Fig. 6B , ADP-ribosylated Ras, corresponding to mobility-shifted [
35 S]methionine-labeled Ras, was detected in cells labeled with [ 3 H] adenosine and exposed to strain 388. In comparison, under identical conditions, no [ 3 H]adenosine-labeled Rap1 was detected. However, Rap1 proteins of 20 and 24 kDa were immunoprecipitated from cells labeled with [
35 S]methionine, indicating that the absence of ADP-ribosylated species was not due to inefficient immunoprecipitation. No proteins in the 14-to 30-kDa range were seen when normal rabbit IgG was used as a control (data not shown). The undetectable modification of Rap1, under conditions where Ras modification is detected, suggests an in vivo substrate preference of ExoS among proteins within the Ras superfamily.
DISCUSSION
We have previously reported the development of a bacterialeukaryotic cell coculture system which allowed recognition of the inhibitory effect of ExoS-producing bacteria on host cell viability and proliferation (34) . This system has now been adapted to help identify mechanisms by which ExoS affects cell function and is used here to identify the cell signaling protein, Ras, as an in vivo substrate of ExoS. Considerable care was taken in these studies to ensure that Ras modification by ExoS occurred following its translocation by bacterial contact. Of primary concern was the possibility that coculture with bacteria might cause eukaryotic-cell membrane damage, allowing passive transfer and modification of Ras by secreted ExoS. Membrane permeability analyses, however, revealed that HT29 cellular membranes remained intact during the modification of Ras. Furthermore, Ras was not modified by secreted ExoS in the presence of non-ExoS-producing bacteria, confirming that direct contact with bacteria expressing ExoS was required for Ras modification. The results support the hypothesis that modification of Ras by ExoS is an intracellular event, dependent on direct contact with ExoS-producing bacteria.
Analysis of the ADP-ribosylation of Ras by different bacterial strains found Ras modification to be dependent on ExoS production but independent of ExoT or ExoU production. P. aeruginosa strains express different combinations of three type III effector proteins. Strains 388 and PAK produce ExoS and ExoT but lack the ExoU gene. DG1 also produces ExoS and ExoT, while ExoU production has not yet been characterized. Consistent with their expression of ExoS, these strains modify Ras. In contrast, no modification of Ras was detected with strain PA103, which produces the ExoS homolog ExoT and the cytotoxic factor ExoU. Although the coordinate roles of ExoS, ExoT, and ExoU are not currently understood, the apparent selection for expression of ExoS or ExoU (14) could reflect a detrimental effect on the bacterium of production of both proteins or the redundancy of producing two coregulated cytotoxic factors. While the activity of ExoT in the host cell remains unclear, the inability to detect modified Ras in HT29 cells cultured with the ⌬S mutant strain, which produces ExoT, differentiates the functions of ExoS and ExoT in vivo. Although the inefficient modification of Ras by ExoT may reflect its low ADP-ribosyltransferase activity in vitro, it remains possible that ExoT might be targeting alternative intracellular substrates. Our detection of slightly increased inhibition of HT29 cell DNA synthesis following coculture with the ⌬T mutant, compared to that with the ExoS-and ExoT-producing, wild-type strain 388 (28a), also suggests that ExoT might be modulating ExoS activity, possibly via competition for substrate, cofactor, or translocation intermediates. In examining the modification of Ras by P. aeruginosa strains, different levels of efficiency in different strains were noted. In the cases of 388, ⌬T, and PAK, these differences were slight, but DG1 was able to modify a significantly higher proportion of immunoprecipitable Ras. We have consistently detected higher levels of ExoS activity in DG1 culture supernatants than in 388 and PAK culture supernatants (28a); therefore, more efficient Ras modification may reflect increased production of ExoS by this strain. It was also notable that modification of HT29 cellular Ras, under optimal conditions, never exceeded 75%. This may reflect modification of only a portion of Ras in each individual cell, reduced modification among a subpopulation of cells, or a combination of both factors. Questions to be addressed in this regard include whether the activation state or intracellular localization of Ras affects its ability to be modified by ExoS, and whether some cells possess properties conferring resistance to the effects of ExoS. In assessing the contribution of Ras modification to the effects of ExoS on cell function, we found conditions sufficient for modification of Ras in HT29 cells to correspond closely to those causing reduction of DNA synthesis. This indicates that modification of Ras is an accurate index of the effects of ExoS on cell proliferation. Since Ras is involved in relaying growth factor-induced proliferative signals to the nucleus (6), our findings raise the intriguing possibility that some of the inhibitory effects of ExoS might be due to modification of Ras function. Coburn and Gill (9, 11, 13) reported that the modification of Ras by ExoS in vitro had no effect on the ability of Ras to exchange and hydrolyze guanine nucleotides or to interact with GTPase activating and guanine nucleotide exchange proteins. These findings imply that if ExoS alters the cellular activity of Ras, it likely occurs at the level of its interaction with effector proteins. Although an increasing number of Ras-effector interactions are being identified (recently reviewed in reference 20), the best characterized of these is the Ras-Raf-1 kinase interaction, which results in the activation of Raf-1 in association with its localization to the plasma membrane. Activated Raf-1 then initiates a proliferative signal to the nucleus, through the cascade of serinethreonine kinases known as the mitogen-activated protein (MAP) kinase pathway (7) . Consistent with the possibility that this pathway may be affected by ExoS is the shared interaction of Raf-1 kinase and ExoS with 14-3-3 proteins (17, 40) . Interpretations of the effects of ExoS on Raf-1 activation and MAP kinase activity in HT29 cells, however, have been complicated by non-ExoS-associated effects of the bacteria on HT29 cell signaling processes. The precise characterization of the effects of ExoS on the MAP kinase pathway is therefore being deferred to future studies with an alternative epithelial-cell line which has been found to be minimally affected by exposure to bacteria while showing the same effects of ExoS on cell function.
Since ExoS has been found to modify multiple proteins in cell lysates, an understanding of its role in vivo will require characterization of its total intracellular substrate specificity. Our finding that HT29 cell Rap1 proteins do not appear to be modified efficiently (if at all) indicates that, among Ras-related proteins, ExoS may exhibit a more limited substrate preference in vivo than in vitro. Preliminary studies, using [ 3 H]adenosine to radiolabel HT29 intracellular NAD pools, indicate that substrates in addition to Ras are likely to be modified by ExoS in vivo. In this regard, recent investigations by Frithz-Lindsten et al. (15) , using the type III secretory system of Yersinia pseudotuberculosis to introduce ExoS into the cytosol of HeLa cells, found that ExoS induces a cytotoxic effect characterized by a rounding up of cells and disruption of actin microfilaments. We previously observed rounding up and detachment of Detroit fibroblasts following coculture with strain 388 (34) , and in this study we found rounding up of HT29 cells to be associated with ExoS modification of Ras and its effects on cell proliferation. It is presently unknown whether the effects of ExoS on the cytoskeleton reflect additional substrate specificities of ExoS in vivo or relate directly or indirectly to effects of ExoS on Ras effector pathways. However, modification of the cytoskeletal protein vimentin, an in vitro substrate for ExoS (10), may not play a crucial role in this process, since HT29 cells, which exhibit rounding up and reduced proliferation, do not appear to express vimentin (28a, 37) .
In summary, the contact-dependent delivery of ExoS by P. aeruginosa into eukaryotic cells has led to the identification of Ras as an in vivo substrate of ExoS. The efficiency of Ras modification by ExoS has also been found to correlate with the effects of ExoS on cell proliferation, suggesting a relationship between the ADP-ribosylation of Ras and effects of ExoS on cell function. The finding that ExoS has the potential to modulate eukaryotic-cell signaling pathways in vivo provides an impetus for further investigation of the role of ExoS, both in the communication between bacterium and host during the infectious process and as a tool for probing signaling pathways in the eukaryotic cell.
